Calorimetric study of the entropy relation in the NaCl–KCl system  by Benisek, Artur & Dachs, Edgar
J. Chem. Thermodynamics 62 (2013) 231–235Contents lists available at SciVerse ScienceDi rect 
J. Chem. Therm odyna mics 
journal homepage: www.elsevier .com/locate / jc tCalorimetric study of the entropy relation in the NaCl–KCl system 
Artur Benisek ⇑, Edgar Dachs 
Materialforschung und Physik, Universität Salzburg, Hellbrunnerstr. 34, A-5020 Salzburg, Austria 
a r t i c l e i n f o a b s t r a c tArticle history:
Received 17 December 2012 
Received in revised form 14 March 2013 
Accepted 18 March 2013 
Available online 29 March 2013 
Keywords:
Sodium chloride 
Potassium chloride 
Heat capacity 
Mixing
Entropy
Solvus
Subsolidus0021-9614  2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.jct.2013.03.015
⇑ Corresponding author. Tel.: +43 66280445407.
E-mail address: artur.benisek@sbg.ac.at (A. Benise
Open access under CC BY-NThe heat capacity of one Na-rich and two K-rich samples of the NaCl–KCl (halite–sylvite) crystalline solu- 
tion was investigated between 5 and 300 K. It deviated positively from ideal behaviour with a maximum 
at 40 K. The thereby produced excess entropy at 298.15 K was described by a symmetric Margules mixing 
model yielding WSm = 8.73 J/mol/K. Using enthalpy of mixing data from the literature and our data on the 
entropy, the solvus was calculated for a pressure of 10 5 Pa and compared with the directly determine d
solvus. The difference between them can be attributed to the effect of Na–K short range ordering 
(clustering).
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license. 1. Introductio n
The heat capacity (Cp,m) of crystalline solutions often deviates 
from that of a mechanical mixture at low temperatures (e.g.,
100 K) [1–4]. This behaviour generates excess vibrational entropies 
at higher temperature s that stabilise (if positive) or destabili se (if
negative) the crystalline solution. The position of the miscibility 
gap (solvus), depends thus strongly on these propertie s (e.g., [5]).
Investigati ng the physical nature of the excess vibrational en- 
tropy, ﬁrst principles studies proposed a so-called ‘‘bond stiffness 
versus bond length’’ interpretati on [6,7]. When comparing the 
MgO–CaO with the NaCl–KCl crystalline solution systems, which 
both have a similar size mismatch but different excess vibrational 
entropies, it became clear that bond stiffness relations play an 
important role in producing vibration al excess behaviour [7]. For 
the NaCl–KCl system, this ﬁrst principles study found a signiﬁcant
softening of Na–Cl bonds with increasing K content producing po- 
sitive excess vibrational entropies. In two recent studies [8,9], the 
excess vibrational entropy of several silicate solid solutions and 
binary alloys was described by a simple relationship , which is 
based on considerations that the elastically stiffer end member 
forces the softer one to ﬁt to its size. Using this relationship, the 
maximum extent of the molar excess vibrational entropy 
(DmaxS
exc
m ) was described by the differences of the end member vol- 
umes (DVi,m) and the end member bulk moduli (DKi), i.e.,k).
C-ND license. DmaxS
exc
m =ðJ  mol1  K1Þ ¼ ðDVi;m=ðJ  mol1  Pa1Þ
þ aDKi=PaÞb; ð1Þ
where a and b are ﬁt paramete rs. DVi,m is deﬁned to be positive 
whereas DKi has a positive or negative value. Its sign depends on 
which end member (larger or smaller) is elastically stiffer (i.e.,
DVi,m = V1,m  V2,m and DKi = K1  K2, where end member 1 has a
larger volume than 2). Accordin g to these investigatio ns, strongly 
negative DKi values corresp ond to negative excess vibrational 
entropies, whereas positive DKi values corresp ond to positive ones.
In spite of the simplicity of this relationship, it was successfully ap- 
plied to several silicat e solid solution s and binary alloys [8,9].
The thermod ynamics of the NaCl–KCl (halite–sylvite) binary 
has been thoroughly investigated (e.g., [7,10–17]). Although many 
studies found indirect evidence for an excess entropy in this sys- 
tem (e.g., [11,14]), the direct experimental proof on the existence 
of an excess vibration al entropy is missing, because there are no 
low temperature heat capacities of samples with crystalline solu- 
tion composition. The excess entropy derived from phase equilib- 
rium experiments (Gmixm ) and enthalpy of mixing data (H
mix
m )
contains two different entropic contributions , i.e., the excess vibra- 
tional entropy and the excess conﬁgurational entropy coming from 
short range ordering (clustering). It is to be expected that these 
contributi ons have different temperature dependencies. The excess 
conﬁgurational entropy due to short range ordering or clustering 
decrease s with increasing temperature . An unlike behaviour is to 
be expected for the excess vibration al entropy, which is generated 
at low temperat ures and typically does not change at higher tem- 
perature s. It is, therefore, necessary to separate the entropic 
TABLE 1
Microprobe analyses in wt% and mole fractions of KCl of the investigated samples 
synthesised from pure NaCl and KCl (see chapter 2.5 for more details). The standard 
deviation is given in parentheses and refers to the las t digit.
Sample Na K Cl XKCl
Na90K10Cl 34.3 (9) 6.7 (4) 59.0 (1) 0.10 (1)
Na 20K80Cl 6.5 (4) 43.8 (5) 49.7 (1) 0.80 (1)
Na 10K90Cl 3.1 (4) 48.4 (5) 48.6 (1) 0.90 (1)
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of this crystalline solution system more precisely. For this purpose,
three samples of the NaCl–KCl binary have been investigated by 
low temperat ure heat capacity measurements in this study to ob- 
tain the vibrational entropy.
2. Experimen tal methods 
2.1. Relaxation calorimetry (PPMS)
Low temperat ure heat capacitie s from 5 to 300 K were mea- 
sured on sample powders using a commerciall y available relaxa- 
tion calorimeter (heat capacity option of the PPMS by Quantum 
Design). The samples were put in Al cups made out of an Al foil 
and pressed to discs with 5 mm in diameter and 0.5 mm thickness 
(for details of the relaxation technique, see e.g., [18,19] and refer- 
ences therein).
2.2. Differential scanning calorimetry (DSC)
The heat capacity between 273 and 300 K was also measured 
using a Perkin Elmer Diamond DSC . The evaluation of the DSC 
heat ﬂow data was performed as described in [20,21].
2.3. Evaluation of the raw Cp,m data
To calculate the entropy, the measured heat capacities were 
integrated numerica lly using an interpolation function of Mathem- 
atica (interpolation order 2). The entropy at 298.15 K determined 
by the PPMS has relative uncertainties of 1% to 2% [18], when 
investigatin g powder samples. To improve the precision of the en- 
tropy, the low temperature heat capacitie s have been corrected by 
the DSC data in several previous studies (e.g., [3,20,22]). This cor- 
rection, however, was not necessary in case of the (Na,K)Cl sam- 
ples. Here, perfect agreement between the PPMS and DSC data 
exists at around ambient temperature s, where they overlap. This 
is most likely because compact sample discs could be produced 
during preparati on enabling a high thermal coupling between indi- 
vidual grains, which was not the case with other materials (e.g.,
corundum, silicates). The uncertainties in the entropy were, there- 
fore, corrected to lower values using a relationship between the 
uncertainty and the thermal coupling given by [4].
2.4. Calculation of the solvus 
In equilibrium, the two coexisting phases (ph1 and ph2, sepa- 
rated by the miscibili ty gap) have the same chemical potential 
for both components (lph1 NaCl = l
ph2 
NaCl and l
ph1 
KCl = l
ph2 
KCl ). Using experi- 
mentally determined mixing parameters and solving the two equa- 
tions simultaneou sly, the common tangent of the Gibbs free energy 
of mixing function is found. The calculations for this paper used a
Mathematic a routine, which searched the compositi ons of the 
coexisting phases numerica lly. In order to investiga te the uncer- 
tainties of the solvus, a Monte Carlo method was used. It generated 
104 new sets of mixing paramete rs, which were normally distrib- 
uted around the experime ntally determined parameters with their 
correspondi ng standard deviation s. Using these parameter sets,
104 new solvi were calculated from which the standard deviation 
of the solvus at a given mole fraction could be obtained.
2.5. Samples of the NaCl KCl system 
Weighted mixtures of NaCl and KCl (high purity reagent with 
99.9%, Merck ) were melted at 1073 K and then crystallis ed at 
800 K. The (Na,K)Cl crystalline solution is stable above 750 Kand decomposes very fast with cooling, especiall y if small amounts 
of H2O are present (air humidity). It was not possible to cool it 
down in air without becoming partly decompo sed. However, using 
the DSC (operating under a ﬂow of pure Ar gas), the crystalline 
solution of Na- and K-rich samples could be cooled down metasta- 
bly to room temperat ure. The successful cooling procedure was 
veriﬁed by the DSC signal in repeated temperature scans (the mix- 
ing procedure of a decomposed sample at temperature s of 750 K
is endothermi c producing a large calorimetric peak). The PPMS 
samples (wrapped in Al foil and pressed to a compact disc) were 
also homogenised in the DSC. The crystalline solution state was 
veriﬁed again by the DSC signal after the PPMS run. X-ray diffrac- 
tometry, performed on samples homogenised in the DSC but not 
sealed in Al foils, documented partly decomposed samples after 
minutes. The results from X-ray diffractometry and DSC were con- 
sistent, i.e., samples, which were not wrapped in an Al foil and 
pressed to a disc, could not be removed from the DSC without an 
immedia te start of decompo sition. The preparation of samples 
with more intermedi ate compositi on was not possible because 
the cooling in the DSC was not fast enough (1.7 K  s1). The correct 
compositi on of the samples was checked by micropro be analyses 
using a defocused beam (20 lm). It agreed with the expected com- 
position within one standard deviation (table 1) and no impurities 
were detected.
3. Results and discussion 
3.1. Calorimetric results 
The measured molar heat capacities of the investigated samples 
are listed in table 2. The excess heat capacity, deﬁned as the devi- 
ation from Cp,m of a mechanical mixture, is plotted in ﬁgure 1 for
the Na 20K80Cl sample (Cp,m of the end members were taken from 
[23,24]). It shows a positive deviation with a maximum of 
0.9 J  mol1  K1 at 40 K. The calculated vibrational entropies at 
298.15 K are listed in table 3 and plotted as a function of composi- 
tion in ﬁgure 2. Their deviations from a mechanical mixture were 
described by a symmetr ic Margules mixing model deﬁned as 
Sexcm =ðJ  mol1  K1Þ ¼ ð1XKClÞ XKCl WSm=ðJ  mol1  K1Þ; ð2Þ
yielding WSm = 8.73 J  mol1  K1, from which the maximum extent 
of the excess vibrational entropy can be calculate d, i.e.,
DmaxS
exc
m = 2.2 J  mol1  K1. Using this value, equation (1) can be 
tested on the NaCl KCl system. Applying volumes and bulk moduli 
for halite and sylvite from the literature [26,27], a differen ce in the 
end member volumes of DVi,m = 1.05  105 J  mol1  Pa1 and a
differe nce in the end member bulk moduli of DKi = 6.75 GPa is ob- 
tained. The ﬁt paramete rs of equation (1) are a = 1.089  1016 -
J  mol1  Pa2 and b = 2.505  105 Pa  K1 (the values from [9]
were converted to SI units), and results in DmaxS
exc
m = 2.4 J  mol1 -
 K1, which is in good agreement with the calorime trically deter- 
mined value (2.2 J  mol1  K1).
The measured excess vibrational entropy is also in good agree- 
ment with computer simulation studies [15,17] for which the ﬁrst
study used the double defect method. It resulted in excess 
TABLE 2
Measured molar PPMS heat capacities (Cp,m) of the NaCl–KCl samples. The uncertainties in T and Cp,m are given as follows: rT = ±T/K  (0.0004  3.6  106  T/K + 1.2  108  (T/
K)2); rCp,m = ±Cp,m/(J  mol1  K1)  (0.004  2.7  105  T/K + 9.7  108  (T/K)2).
Na10K90Cl Na 20K80Cl Na 90K10Cl
T/K Cp,m/(J  mol1  K1) T/K Cp,m/(J  mol1  K1) T/K Cp,m/(J  mol1  K1)
5.095 0.0387 5.086 0.0361 5.041 0.0176 
5.458 0.0485 5.454 0.0452 5.409 0.0219 
5.879 0.0601 5.856 0.0564 5.793 0.027 
6.294 0.0738 6.274 0.07 6.208 0.0335 
6.752 0.0936 6.728 0.0878 6.664 0.0417 
7.188 0.1141 7.176 0.1084 7.14 0.0518 
7.702 0.1425 7.691 0.1356 7.653 0.0641 
8.252 0.1787 8.238 0.1702 8.202 0.0801 
8.84 0.2244 8.829 0.215 8.791 0.1001 
9.475 0.2828 9.461 0.2712 9.422 0.1252 
10.15 0.357 10.14 0.3435 10.1 0.157 
10.89 0.4512 10.87 0.4354 10.83 0.198 
11.67 0.5685 11.65 0.5511 11.61 0.2499 
12.5 0.7153 12.48 0.6946 12.45 0.3169 
13.4 0.8969 13.38 0.8732 13.34 0.4021 
14.36 1.1196 14.34 1.0918 14.23 0.51 
15.39 1.3953 15.37 1.3623 15.33 0.6479 
16.49 1.7261 16.47 1.6913 16.43 0.8219 
17.67 2.1251 17.65 2.0874 17.61 1.0395 
18.94 2.5991 18.91 2.55 18.87 1.31 
20.29 3.1559 20.26 3.1048 20.24 1.6491 
21.74 3.8101 21.71 3.7558 21.7 2.0608 
23.29 4.5784 23.26 4.5137 23.25 2.5635 
24.96 5.4629 24.93 5.3961 24.92 3.165 
26.74 6.5085 26.72 6.4288 26.71 3.8591 
28.66 7.6739 28.63 7.596 28.64 4.7159 
30.71 8.8238 30.69 8.7684 30.7 5.6711 
32.91 10.287 32.89 10.163 32.9 6.785 
35.28 11.821 35.25 11.673 35.27 8.0388 
37.81 13.477 37.78 13.296 37.81 9.4367 
40.52 15.247 40.5 15.059 40.53 10.981 
43.43 17.109 43.41 16.885 43.45 12.635 
46.57 19.041 46.53 18.806 46.58 14.398 
49.91 21.012 49.87 20.732 49.93 16.28 
53.5 23.001 53.47 22.726 53.53 18.229 
57.34 25.022 57.32 24.731 57.38 20.247 
61.47 26.984 61.44 26.705 61.51 22.264 
65.89 28.949 65.86 28.669 65.94 24.311 
70.63 30.883 70.6 30.604 70.69 26.324 
75.7 32.61 75.67 32.387 75.77 28.265 
81.13 34.397 81.11 34.171 81.21 30.128 
86.95 36.068 86.93 35.847 87.05 32.292 
93.14 37.493 93.15 37.318 93.3 34.009 
99.83 39.053 99.85 38.835 100.02 35.792 
107.02 40.326 107.03 40.148 107.21 37.382 
114.72 41.626 114.72 41.454 114.92 38.916 
122.97 42.707 122.97 42.568 123.18 40.265 
131.81 43.696 131.82 43.531 132.04 41.449 
141.3 44.687 141.3 44.511 141.54 42.607 
151.46 45.557 151.45 45.392 151.71 43.668 
162.37 46.296 162.35 46.183 162.61 44.814 
174.06 47.074 174.02 46.929 174.32 45.519 
186.58 47.688 186.55 47.504 186.88 46.208 
199.99 48.315 199.96 48.186 200.33 47.112 
214.36 48.855 214.35 48.716 214.74 47.779 
229.76 49.264 229.74 49.194 230.17 48.365 
246.27 49.829 246.25 49.804 246.73 49.073 
263.93 50.305 263.91 50.181 264.44 49.551 
282.87 50.877 282.86 50.682 283.42 50.221 
303.18 51.268 303.12 51.207 303.77 50.613 
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generated due to the temperature dependence of the cation distri- 
bution. At 623 K, the calculated excess vibrational entropies of 
[15] agree well with the calorimetric ally determined value.
3.2. Solvus in the NaCl–KCl binary 
The solvus of the NaCl–KCl binary at a pressure of 10 5 Pa was 
calculated using our new mixing parameter on the entropy and enthalpic mixing parameters determined from literature data 
[10] (see table 4). The conﬁgurational entropy was calculated 
accordin g to the one site mixing model, i.e., with a disordered 
Na–K distribut ion. This solvus is compare d to the directly deter- 
mined one in ﬁgure 3. The calorimetric ally based solvus is more 
symmetr ic and has a by 100 K lower critical temperature than 
the directly determined solvus. The difference between them can 
be minimised, if the conﬁgurational entropy is lowered from that 
of a disordered Na–K distribution . Negative deviation from a
FIGURE 1. Molar excess heat capacity of mixing (Cexcp;m) plotted against temperature 
(T) for the Na 20K80Cl sample. Error bars represent one standard deviation.
TABLE 3
Molar vibrational entropy at T = 298.15 K (S298:150m ) with its standard deviation for the 
NaCl–KCl binary .
Sample S298:150m /(J  mol1  K1)
NaCl 72.115 a
Na90K10Cl 73.96 ± 0.30 
Na 20K80Cl 81.85 ± 0.33 
Na 10K90Cl 82.30 ± 0.33 
KCl 82.554 a
a JANAF-tables [25].
FIGURE 2. Molar vibrational entropy (Svibm ) at T = 298.15 K plotted against compo- 
sition. End member data (open circles ) are taken from the JANAF tables [25]. The 
data from this study are marked by closed symbols (error bars represent one 
standard deviation). Solid line represents a ﬁt using a Margules mixing model with 
WSm = 8.73 J  mol1  K1, the broken line a mechanical mixture.
TABLE 4
Margules mixing parameters and equations used to calculate the activities of the NaCl an
NaK 
WHm/(J  mol1) 17060 ± 1131 
WSm/(J  mol1  K1) 8.73 ± 0.07 
WVm  105/(J  Pa1) 0.063 ± 0.01 
Asymmetric Margules model DUmixm = (1  XK)2XKWUNaK;m + (1  XK)X2K WUKNa;m
Mixing parameter WGm/(J  mol1) = WHm/(J  mol1)  T/K WSm/(J 
Activity coefﬁcient NaCl RT ln cNaCl = XKCl 2 (WGNaK;m + 2(W
G
KNa;m  WGNaK;
Activity coefﬁcient KCl RT ln cKCl = (1  XKCl)2(WGKNa;m + 2(WGNaK;m  W
Ideal activity aid i = Xi
Activity ai = aid i ci
FIGURE 3. Solvus of the NaCl–KCl binary. Solid line: Calculated solvus using 
calorimetrically determined mixing parameters from table 4. Error bars represent 
one standard deviation at three compositions. Broken line : same parameters plus 
reduction of the conﬁgurational entropy as shown in ﬁgure 4. Symbols represent 
the results from studies, where the solvus was directly determined (triangles [10],
diamonds [12] and circles [13]).
FIGURE 4. Molar conﬁgurational entropy (Scfgm ) calculated by a one site mixing 
model (solid line ) and reduced by Na–K clustering or short range ordering in the Na- 
rich region (broken line ). The reduction was described by an asymmetric Margules 
mixing model with WSNaK;m = 0 and W
S
KNa;m = 3 J  mol1  K1.
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or clustering. On the other hand, Schottky defects, which were 
found in this system [10,11], would increase the conﬁgurational 
entropy. Both, ordering/clus tering and Schottky defects may be 
present in (Na,K)Cl crystals. In the vicinity of the solvus, however,
Na–K short range ordering or clustering is more effective compare d
to Schottky defects because a slight net reduction of the conﬁgura-
tional entropy as shown in ﬁgure 4 is necessary to achieve good 
agreement between calorimetric and directly determined solvus.
The reduction of the conﬁgurational entropy was described by an d KCl compone nts.
KNa Reference 
18073 ± 1196 Data from [10]
8.73 ± 0.07 This study 
0.054 ± 0.01 [16] 
(U = H, S, and V)
mol1  K1) + P/Pa WVm/(J  Pa1)
m) (1  XKCl))
G
KNa;m)XKCl)
i = NaCl, KCl 
i = NaCl, KCl 
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WSKNa;m = 3 J  mol1  K1 and has a maximum extent of 
0.5 J  mol1  K1 in the Na-rich region, which agrees well with 
the results at 673 K of a computer simulation study [15].
4. Conclusion s
The calorimetric data for the NaCl–KCl binary are consistent 
with the directly determined solvus, if the conﬁgurational entropy 
is slightly reduced in the Na-rich region from that of a fully disor- 
dered Na–K distribution. In the NaAlSi 3O8–KAlSi3O8 system, Na- 
rich clusters were in fact detected by 23Na NMR investigations in 
samples homogenised above the solvus, and they were attributed 
to early stages of exsolutions [28]. Such behaviour is also consis- 
tent with results made in binary alloys in which preferences for 
like neighbours were found above the solubility temperat ure by 
X-ray scattering and electrical resistivity measure ments (e.g.,
[29,30]).
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